Advances in site-directed mutagenesis and other genetic engineering techniques have made it possible to create novel proteins of interest. A challenging aspect of these studies is to understand the effect of substitution mutations on folding and stability of natural proteins. We present an analysis of protein structure data, available from the literature, for which substitution mutations have been made and changes in stability characteristics are reported. Amino acid structural environment parameters have been computed for a set of 304 non-homologous best resolved protein structures. The structural environment parameters were used to calculate each of the 20 amino acid propensities to a given structural environment. The observed increase or decrease in stability upon mutation was found to be correlated with the average residue structural environment propensity of wild-type residue versus mutant residue. The analysis presented here helps identification of less optimally placed residues in a given protein structure, and suggests possible substitution mutations to a residue with higher propensity to the corresponding local structural environment. We propose that such substitution mutations, suggested based on amino acid propensities to local structural environments, should bestow higher stability to the protein structure. Keywords: point mutations/free-energy change/residue structural propensity/protein stability/protein engineering
Introduction
A variety of theoretical and experimental techniques are being used to further understanding of the physical principles, forces and mechanistic pathways leading to protein folding and stability. Yet a quantitative understanding of the role of individual amino acids in both the direction of protein folding and the stabilization of protein structure is lacking (Baldwin, 1994) . At present the problem of protein stability is gaining widespread interest not only among the researchers interested in basic studies of protein structure and folding but also among those interested in using enzymes as practical catalysts under different experimental conditions (Gupta, 1993; Braxton, 1996) . X-Ray studies have shown that the substitution of one amino acid for another generally results in small conformational changes that are restricted to the immediate vicinity of the substituted site (Lesk and Chothia, 1986; Shortle, 1992; Shortle and Sondek, 1995) . However, the thermodynamic stability of © Oxford University Press 1137 the single site mutant can change significantly from that of the corresponding native protein (Querol et al., 1996) . Therefore genetic engineering techniques have been employed to modify the amino acid sequence of enzymes of industrial interest at specific sites on the polypeptide chain (site-directed mutagenesis) in order to improve their stability towards heat, pH and other common protein denaturants (Bryan, 1995) . A limitation to the successful design of these new enzyme properties by site-directed mutagenesis is that the effects of amino acid replacements are not easy to predict-thus it is difficult to decide which amino acid substitutions should be made.
Effects of substituted mutations-theoretical consideration
We use the term 'protein stability' to designate the effect of reversible denaturation as many proteins behave in solution as if there are only two states of the chain: the native state N and a reversibly denatured state D. The D state is operationally defined as the state that the polypeptide chain enters upon a major cooperative breakdown of the N state by the loss of a large fraction of its structure. In this context, the best measure of the stability of the N state is the free-energy change, ∆G N→D or simply ∆G, on conversion from N to D. The free-energy term, therefore, is of greatest interest for understanding the functional aspects of the reaction mechanism and stability of a protein. Amino acid substitutions provide a very precise way to alter chemical structure of a particular side-chain, allowing comparison of the reaction energetics for the mutant protein with that of the wild-type. A thermodynamic cycle can be defined revealing the four free energy terms as follows:
∆G wt ϭ G D,wt -G N,wt, ∆ G mut ϭ G D,mut -G N,mut 
Determinants of protein stability-statistical analyses
Analysis of homologous proteins from the group of thermophiles and mesophiles provided some significant clues for related proteins, performing the same functions, having very different stability and helped in identifying candidate amino acids for point mutations with the aim of increasing protein stability (Argos et al., 1979; Imanaka et al., 1986; Menéndez-Arias and Argos, 1989; Mrabet et al., 1992; Querol et al., 1996) . Several studies on the analysis of protein structures with substituted point mutations have enabled the quantification of the contribution of the different interactions that take place in a protein, resulting in some general rules about possible ways to increase protein stability (Shortle, 1992; Gupta, 1993; Mathews, 1993; Serrano et al., 1993; Fersht and Serrano, 1993; Filippis, 1994) . However, it is often difficult to identify the important determinants involved in a specific case, since the sequences of related proteins diverge significantly, each thermozyme or substituted mutant is stabilized by a unique combination of different mechanisms (Vieille and Zeikus, 1996; Querol et al., 1996) .
There have been reports indicating contribution of amino acid exposure to the solvent, its hydrophobicity, secondary structural preferences, hydrogen bonding and electrostatic interactions, disulfide bonds, substrate-metal cofactor binding etc. to protein stability (Shortle, 1992; Filippis et al., 1994; Murphy, 1995; Munoz et al., 1996; Pace et al., 1996) . From the analyses of mutant protein structures, a more statistical account of these and many other physical and chemical contributions to protein stability have been reported (Querol et al., 1996) . Through a comparative study of sequence data of stable versus less-stable proteins a method was proposed to suggest substitution mutations to increase intracellular stability of proteins (Guruprasad et al., 1990; Reddy, 1993 Reddy, , 1996 Reddy et al., 1998) . There are also some recent reports which suggest substitution mutations solely from amino acid sequence (Varadarajan et al., 1996) , from database derived potentials (Gilis and Rooman, 1997) and by rational design of α-helix stability using helix/coil transition theory (Villegas et al., 1995) . There are useful predictions of freeenergy changes using amino acid substitution-based information for different mutant proteins (Bordo and Argos, 1991; LopezHernandez and Serrano, 1995; Topham et al., 1997) .
We have recently examined a statistical approach, based on residue propensities, to predict the effects of a substitution mutation, and the preliminary results were presented in a short report (Reddy and Datta, 1997) . In this communication we discuss the approach in greater detail; we use a series of residue propensity 1138 values separately for each of the physico-chemical structural parameters that contribute to overall in vitro protein stability. We calculate an average propensity of each amino acid in a given structural environment profile, defined based on the physicochemical properties of the amino acids in protein structural environment. We demonstrate the use of such a structural profile of amino acid residues to predict the experimentally observed qualitative changes in the stability characteristics. We further show that these environment-dependent amino acid propensity values could be used to identify non-optimally placed residues and suggest substitution point mutations to engineer stability characteristics for a given protein structure.
Materials and methods
United States National Library of Medicine database (MED-LINE) for the years 1986-1998 was used to collect information on the proteins for which substituted point mutation(s) were carried out and where a change in the stability was reported. We have used protein structures for which 2.5 Å or better X-ray or NMR resolved structures of the parent proteins were available to calculate environment related parameters of amino acids. About 376 substituted single residue mutants have been identified for which parent protein structures and altered in vitro stability (thermal, solvent or pH induced) information is available (Table I) , which from now on will be referred to as the 'mutant data set'. We have sub-divisions of this data set as mutant data set-1 (a 'sample data set' collected initially) and mutant data set-2 (additional 'test data set' collected subsequently). A data set of 304 non-homologous (ഛ25% sequence identity) best resolved (ഛ2.0 Å resolution X-ray defined) protein structures (Hobohm et al., 1992) , referred to as the 'natural data set' hereafter, is used to calculate general propensities of residues for a given structural environment.
The parameters used to define the structural environment of amino acid residues are secondary structure types, solvent accessibility, hydrogen bonding and packing density (Ooi number: Nashikawa and Ooi, 1980) . Residue volume and hydrophilicity of the residues are also used to weigh against the residue occurrences for final calculation of the amino acid propensities. The parameters are computed using the methods described below. Secondary structure Secondary structural definition of Kabsch and Sander (1983) as summarized by Smith (1989) in his SSTRUC program was used to define the secondary structure type taken by the residue in the wild type protein such as helices (α-helices ϩ 3 10 helices), β-strands and the remaining as random coils. Alternatively, the φ and ψ angles together define the residue secondary structure.
Packing density (Ooi number)
A contact number of other residues within a 8 and 14 Å radius (Ooi value) was computed using the method of Nashikawa and Ooi (1980) . Since the longest distance from C α i to C α i ϩ1 is only about 4 Å, the nearest neighbour residues on either side of the dipeptide were omitted in the counting. Ooi numbers calculated in both, 8 and 14 Å radius are used together as a structural environment parameter (SEP).
Hydrogen-bond formation
Hydrogen-bond formation was defined based on the criterion of a donor-acceptor distance of ഛ 3.5 Å (Baker and Hubbard, 1984) . Angular criteria were not considered because the sidechain atoms are generally not well positioned by crystallography 
The PDB code followed by the residue in the wild type protein, its position and the residue(s) to which it is mutated. The sign following by the residue to which mutation was made indicates whether there was an increase(ϩ), decrease(-) in in vitro stability as observed in the original reports. A table with more exhaustive information is available on request.
and not all hydrogen atom positions are fixed by the positions of the heavier atoms. Hydrogen bonding was examined from a side-chain at positions i to the residues other than those at positions i -1, i and i ϩ 1. The average number of hydrogen bonds (dipole interactions) that could be formed by the residue in a given protein structure were computed. Solvent accessibility Solvent accessible contact area of amino acids was calculated using the method of Lee and Richards (1971) , as coded by 1139 Sali and Blundell (1990) in their PSA program, with a probe radius of 1.4 Å. The percentage accessibility contact area of the residue for side-chain, main-chain, polar side-chain, nonpolar side-chain and total atoms are used.
Occurrence of amino acids in structural class intervals
The structural parameters are calculated for each of the 20 amino acids in the natural data set. Similarly, for every wild type residue which has been subjected to a mutation with an observed change in ∆∆G, structural environment parameters 
RSEP, residue structural environment profile; PDB code; AA S. No., residue position in the sequence; AA, amino acid in the wild type protein; percentage solvent accessibilities for total atoms (TA), polar side chain atoms (PS), non-polar side chain atoms (NS), total side chain atoms (TS) and total main chain atoms ™; secondary structure type (SS); hydrogen bonding with main chain-main chain atoms (MHB) and total possible hydrogen bonding interactions (THB) respectively; Ooi number in 8 and 14 Å sphere of radii. The substituted residue and the corresponding effect on increase/decrease in vitro stabilities are indicated by the ϩ or -signs.
(SEPs) in their native structures have been calculated and the example, see Table II for structural parameters calculated for a few wild type residues in their respective PDB structures.
The calculated values of the structural parameters are divided into different class intervals and a total occurrence of residues in each class interval is computed. These occurrences are shown in histograms for the natural and for the mutant data set (Figure 1 ). Based on these occurrence values window sizes have been set for each structural parameter as described below. We have assigned small window sizes spanning around a given value of each structural parameter; for example, for given φ and ψ values we consider residues within Ϯ20 angular intervals as having a similar secondary structural environment. Similarly, for other structural parameters we have set appropriate window sizes as described in Table III . These window sizes are set based on the structural parameter value and the total occurrence of residues in the 'natural data set' with similar value evaluated. For example, in the case of the hydrogen bonding parameter we have set a zero window size for the main-chain-main-chain hydrogen bonding (MM) value and three window sizes for all the side-chain hydrogen bonding values. These are described in Table III (b) . It can be seen from Figure 1A (ii) that occurrence of residues with 0-3 hydrogen bonds is significantly high, correspondingly the window size for all these values is set to a value of Ϯ1. The occurrence of residues with 4-5 hydrogen bonds and with Ͼ5 hydrogen bonds is decreasing, correspondingly the window sizes for these values is set as Ϯ2 and Ϯ3, respectively. That is, as total occurrence is decreasing we have increased the window sizes. These window adjustments gives statistically meaningful residue occurrences for calculating their propensities by slightly compromising with similarity in the structural environment. A similar logic is followed to set window sizes for other structural environment parameters, see Table III .
Residue structural environment profile (RSEP)
The calculated structural parameters of each wild type residue with corresponding assigned window size (see Table III Table II . In a natural data set any residue having a structural parameter value within the window size is said to be present in the similar structural environment. We take each (or a combination) of these structural values separately and count the occurrence of all the 20 residues in that RSEP in the natural data set of 304 non-homologous proteins and compute their propensity defined as:
where Ne is the total occurrence of all amino acids in the given RSEP of the wild type amino acid (R in the example given above), ne(x) is the total occurrence of a particular amino acid x in environment e, n(x) is the occurrence of amino acid x and N is the total number of amino acids in the natural data set. As an example the propensity values calculated for all the 20 amino acids in the RSEP of residues in Table II are  given in Table IV .
Results and discussion
In protein structures, it is consistently observed that hydrophobic residues prefer buried regions and hydrophilic residues prefer surface regions of the structure. To study such preferences more precisely, many varied local structural environments could be defined in protein structures. Each of the 20 amino acids, having different side-chain properties, prefer an optimal local structural environment in the protein selected through a natural process. Thus, in a natural data set for every amino acid one can find a structural environment that shows a highest propensity and the remaining amino acids may also prefer that structural environment but with a lesser propensity. This observation (or assumption) is the basis for this analysis. (ii) Occurrence with total number of possible hydrogen bonds: 1, no hydrogen bonds (HB); 2, 3 and 4, 1, 2 and 3 HBs, respectively; 5, 4-5 HBs; and 6, 6 or more HBs. (iii) Ooi number in 14 and 8 Å radii spheres; (iv) all atom solvent accessibility (SA) classes: 1, 0% SA; 2, ജ0-10% SA; 3, ജ10-20% SA;..., 8, ജ60-70% and 9, ജ70% accessibility. Window sizes have been set based on these occurrences-high occurrences takes smaller window sizes and lower occurrences takes larger window sizes. Figure 1 gives the general distribution of amino acids in different structural environments of the natural data set and the mutant data set-1. In the natural data set, a high percentage of residues are from helix secondary structural regions followed by β-strand, turn and coil regions. The occurrence of residues with no hydrogen bonding interactions is very high followed by residues with 1, 2, 3, 4-5 or ജ6 hydrogen bonds. The occurrence of residues with Ooi number 7-13 in 8 Å radius and 35-65 in 14 Å radius is very high. We also find that the residue occurrence having 0-10% total atom solvent accessibility is very high in the data base. A similar pattern of wild type residue occurrence is observed in the mutant data set. To get a statistically significant value of residue occurrence and also to define a more similar structural environment for 1142 calculation of propensity values, window size for the different ranges of structural parameters is used. The amino acid propensity values, calculated using protein structures from the 'natural data set', gives the optimally preferred structural environment for each of the 20 amino acids for any given RSEP. Correspondingly, these values are expected to be proportional to stability characteristics contributed by the physico-chemical nature of the residue. In this analysis a statistical combination of such calculated propensity values for different structural parameters are used to optimize and predict stability characters of protein due to specific mutations. The aim of the analysis was twofold: (i) to show how the natural propensity of each amino acid varies with the given local structural environment of the residue and (ii) to identify the best combination of structural environment The positive correlation is for those mutations where increase in stability is corresponding to higher propensity of the mutant residue, or vice versa, in the corresponding structural environment. SS, secondary structure; SA, solvent accessibility; HB, hydrogen bonding; OI, Ooi number; All, all the four parameters; RV, residue volume; HP, hydrophobicity. The suggested mutations are arranged in the decreasing order of the difference in propensity (Diff) between the suggested mutation and the wild-type residue at that position of the protein structure.
Amino acid occurrence in different structural environments
dependent parameters useful for suggesting substitution mutations to optimize the stabilizing interactions of a given protein structure.
Variation in amino acid propensities to different RSEPs
As described in the method, we discuss a few randomly selected examples of environment-dependent propensity values calculated for each of the 20 amino acids having different RSEP with respect to only one parameter. Table II gives such randomly selected residue structural environment parameters and Table IV gives their calculated propensity values. The SA1 of 1BNIA-V10 (in Table IV ) is a completely buried environment and the backbone conformation for V is favoured to be in helices with three main-chain-main-chain hydrogen 1143 bonding possibilities. As can be seen from the propensity values of other residues to this structural environment (see Table IV ) only isoleucine (I) has a better propensity to this structural environment. Residues V, L, M, C and F seem to have equally good preference to this structural environment. SA2 and SA3 are considerably different structural environments for solvent accessibility parameter with some variations in other structural parameters (see Table II ). The SA2 environment appears to be preferred by V, I, F, P, L, M and C and very much avoided by residues D, E, H, K, N, Q, R and Y, whereas in the case of the SA3 environment, which is more hydrophilic, we find that the residue preferences are reversed. There is a considerable variation in the propensity of amino acids for Oi1, Oi2 and Oi3 environments where the difference is primarily in the Ooi number. Similarly one can see variation in residue propensities where primary differences are in the secondary structural type (SS1 to SS5) or in hydrogen bonding (HB1, HB2 and HB3). There could be compensatory variations among different structural parameters leading to similar residue propensity values, such as SA1, SS1 have similar propensity of 1.5 and HB1, SS3 have similar propensity of 1.0 for amino acid A. It is clear from these examples that each amino acid has a definite propensity to any given local structural environment in proteins. It is also clear that amino acids show more preference to a structural environment optimally suitable to its physicochemical nature. In other words a residue may prefer many other environments with certain energetic constraints on the protein which is reflected on natural propensity of amino acid (Pe) calculated from the natural data set. This analysis, therefore, suggests a possible method to identify at least a few amino acids, in every wild type protein, not optimally suitable to be present in their existing locations. Thus a more preferred residue for that environment could be suggested to replace such non-optimally placed residues due to natural selection. In other words, the amino acid propensity values from the natural data set help us to suggest substitution point mutations to engineer protein stability.
Protein stability as a function of amino acid propensities in their RSEP
In order to test the proposed rationale, that amino acid propensity to a given RSEP is proportional to the stability characteristics of the amino acid in that environment, the natural propensity (Pe) of all 20 amino acids was computed for each of the wild type amino acid RSEP of 'mutant data set-1'. The propensity value of the wild type residue was compared with the propensity value of each of the mutant residues at that RSEP. In most of the cases where a decrease in stability upon mutation was observed, there was also a decrease in Pe of the mutant residue compared with that of the wild type residue in that RSEP. Similarly, increase in stability was correlated with the increase in Pe of the mutant residue in the corresponding RSEP. However, such a positive correlation was observed for about 65% of cases when a single structural environment parameter (SEP) was used to calculate Pe. When different combinations of SEPs are used to calculate an average Pe the percentage of positive correlation is improved ( Table V) . The average Pe calculated by using all the SEPs gives about 71% positive correlation, and the highest positive correlation, 74%, was observed using weighted average propensity values against residue volume and hydrophobicity.
In order to test the correlation observed on mutant data set-1 we collected additional mutational data from the literature as mutation data set-2 [Table I(b)]. We found 185 additional substitution mutations in the literature that were not used in the sample mutant data set-1. When we tested correlation on mutation data set-2 we observed about 78% positive correlation of residue propensity values versus the increase/decrease in protein stability. The equally interesting positive correlation in mutation data set-2 gives clear indication that natural propensities of residues to a given structural environment determines the stability characteristics of a protein.
The mutant data set of proteins which gives information on change in stability due to substitution mutation has been collected from the literature. This information was generated through investigations of a different nature and through unrelated sets of experimental conditions on different kinds of proteins (Table I) . But still the propensity values could help us to predict the effect of substitution mutation on protein stability with 75.3% positive correlation with the literature data.
The analysis, therefore, clearly indicates that we can precisely quantify the various stabilizing interactions in the form of structural environment profile of residue, as described and demonstrated, by using the few structural parameters discussed here. Though we have demonstrated a qualitative correlation, the study can be extended to quantitative estimations by including a few other structural environment parameters that contribute to stability interactions. Using such parameters in RSEP one could derive weighted average propensity values by optimizing on an existing mutation data set. We are now planning to use the available ∆∆G values to identify a linear correlation with propensity-dependent function, which should help us to develop a method to suggest possible substitution mutations to engineer stability in a given protein structure/ sequence.
Suggesting substitution mutations to engineer protein stability
In order to suggest substitution mutations for a given protein structure, we first identify residues with low propensities in their local structural environment and see if there are any residues with higher propensity to that RSEP in the remaining 19 amino acids. We then suggest any residue having much higher propensity to that RSEP as a possible substitute for 1144 mutation to optimize the structure, which should increase the stability of the mutant protein. Such mutant proteins should be more stable than their parent proteins due to the placement of more optimally accepted residues in that physico-chemical structural environment. We have taken two industrially important proteins, lipase (1LBP) and proteinase K (2PRK), from the PDB data bank to identify less optimal residues and to suggest higher propensity residues as mutations for the respective RSEP (Table VI) .
In the case of lipase, the residue propensities suggest that methionine is more preferred than leucine at position 1, glycine is preferred more than serine at position 105 and proline shows more propensity than the corresponding wild-type residues at positions 159, 243, 186, 75, 161, 175, 200 and 40. In the case of proteinase K, T has more propensity than S at 262 and 216 positions and also few other residues as listed in Table VI . We have suggested about 11 mutations in each of these proteins in decreasing order of the propensity difference (up to 0.5) between the suggested mutation and the wild-type residues (Table VI) .
Summary
In summary, the analysis presented here reports the following: (i) each residue has a different propensity to a given local structural environment in the protein structures; this has also been reported earlier by others on many occasions. (ii) The representative data set of non-homologous, best resolved protein structures could be used as a natural data set to help calculate natural propensity of amino acids to a given structural environment. (iii) Similar structural environments in proteins are defined, not on the basis of standed cut-off class intervals, but based on the given parameter value with appropriate value-dependent window sizes, to define the most similar structural environment and also to get a statistically more significant number for analysis. (iv) A statistical occurrence of residues in different structural parameters is analysed, which helped us to set window sizes to classify similar structural environments. (v) The 'mutant data set-2' was used to verify correlation between the observed changes in stability characters and the local structural environment dependent amino acid propensities. (vi) The mutant data set-1 was helpful to optimize the average residue structural propensity calculations. The mutant data set-2 was useful to test the whole observations. (vii) The use of amino acid volumes and hydrophobicity values were useful for the standardization of propensity value calculations. (viii) We finally present predictions made to identify residues with less propensity in two proteins of industrial importance, and suggested possible substitution mutations to engineer higher stability characteristics. (ix) We also discuss use of a few more stability determining structural environment parameters of amino acids to suggest a better set of substitution mutations to engineer stability to a given protein structure.
